Phosphoglucose isomerase (EC 5.3.1.9) catalyzes the second step in glycolysis, the reversible isomerization of D-glucose 6-phosphate to D-fructose 6-phosphate. The reaction mechanism involves acid-base catalysis with proton transfer and proceeds through a cis-enediol(ate) intermediate. 5-Phospho-D-arabinonohydroxamic acid (5PAH) is a synthetic small molecule that resembles the reaction intermediate, differing only in that it has a nitrogen atom in place of C1. Hence, 5PAH is the best inhibitor of the isomerization reaction reported to date with a Ki of 2 ؋ 10 ؊7 M. Here we report the crystal structure of rabbit phosphoglucose isomerase complexed with 5PAH at 1.9 Å resolution. The interaction of 5PAH with amino acid residues in the enzyme active site supports a model of the catalytic mechanism in which Glu-357 transfers a proton between C1 and C2 and Arg-272 helps stabilize the intermediate. It also suggests a mechanism for proton transfer between O1 and O2. P hosphoglucose isomerase (PGI; EC 5.3.1.9) is a cytosolic glycolytic enzyme that catalyzes the reversible isomerization of D-glucose 6-phosphate (G6P) to D-fructose 6-phosphate (F6P). In addition to isomerase activity, PGI has been shown to display anomerase activity between pyranose anomers of G6P (1), between furanose anomers of F6P (2), and between those of D-mannose 6-phosphate (3), as well as C-2-epimerase activity on G6P (4). It also has roles in protein glycosylation, gluconeogenesis, and the pentose phosphate pathway (5). This central role in the metabolism of phosphorylated sugars explains the strong impact of PGI deficiency in humans (6, 7), as well as the interest as a therapeutic target in parasite metabolism (8). The PGI polypeptide chain, or perhaps a variation thereof, also has extracellular roles as neuroleukin, autocrine motility factor, and differentiation and maturation mediator (9-12). These proteins promote antibody secretion by mononuclear cells, tumor cell motility, and differentiation of leukemia cells and a promyelocytic cell line (HL-60 cells), respectively. More recently, PGI has also been identified as the antigen involved in rheumatoid arthritis of a mouse line (13), as a specific inhibitor toward myofibril-bound serine proteinase (14), and as the surface antigen involved in sperm agglutination (15). Because very little is known about how PGI is precisely involved in these various biological processes, this moonlighting protein (16) has been the subject of intense investigations.
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Biochemical characterization of PGI began over 50 years ago and includes inhibitor studies (1, (17) (18) (19) (20) (21) (22) (23) (24) (25) , labeling studies (26) (27) (28) (29) (30) (31) (32) , solvent exchange (33, 34) , mutagenesis (35, 36) , and pH profile studies (20, 37) . A proposed multistep catalytic mechanism includes a ring-opening step followed by an isomerization step. The isomerization step proceeds via general acid-base catalysis with proton transfer. In the G6P to F6P direction, abstraction of the proton from C2 by an active site amino acid residue yields a 1,2-cis-enediol(ate) intermediate. That same residue then stereospecifically transfers a proton back to the intermediate on the Re face of C1 (38) to produce F6P.
In recent years, several PGI crystal structures have helped to identify the location of the active site and amino acid residues likely to be involved in catalysis and substrate specificity. Published PGI crystal structures include a partial structure from pig (39) , structures from Bacillus stearothermophilus [unliganded (40) or complexed with 5-phospho-D-arabinonate (5PAA) (41) or N-bromoacetylethanolamine phosphate (41)], from rabbit [complexed with 6-phospho-D-gluconate (42), 5PAA (43) , or the cyclic form of a substrate, F6P (44)], and from human [complexed with ␤-mercaptoethanol and a sulfate ion (7)].
Although 5PAA is a good mimic of the cis-enediol(ate) intermediate ( Fig. 1A) and has a K i of 2 ϫ 10
Ϫ6
M at pH 8 (19, 45) , it lacks an atom corresponding to O1 of the intermediate. 5PAA also has a carboxylate group in place of C2, C1, and O2 (Fig. 1B) . Recently, a better mimic of the cis-enediol(ate) intermediate, 5PAH (Fig. 1C) , has been synthesized (45) . 5PAH is both the best reported inhibitor of the isomerization reaction, with a K i of 2 ϫ 10 Ϫ7 M (pH 8), and a good structural and chemical mimic of the cis-enediol(ate) intermediate. 5PAH is the same length and configuration as the substrates and intermediate and differs only by the presence of a nitrogen atom in place of C1. This substitution of a nitrogen atom in place of C1 results in a planar hydroxamic acid moiety, possibly in the hydroximic or hydroximate form within the active site, in place of the cis-enediol(ate) at C1 and C2 and is stable enough in the conditions reported herein for structural studies of the enzyme͞inhibitor complex. Similar hydroxamic acid ligands have been used successfully in biochemical and structural studies of two other sugar isomerases, triosephosphate isomerase [TIM (46) ] and xylose isomerase [XYL (47) ]. A crystal structure of PGI with bound 5PAH would result in an improved model of how the cis-enediol(ate) intermediate binds in the active site and provide the most accurate distances between the reactive intermediate and catalytic amino acid residues. We report here the x-ray crystal structure of rabbit PGI with bound 5PAH solved at 1.9 Å resolution.
Experimental Procedures
Crystallization of PGI. Rabbit skeletal muscle PGI was purchased from Sigma and transferred into crystallization buffer as described (42) . 5PAH was prepared as described (25) . Crystals were grown by the hanging drop vapor-diffusion method at room temperature. The drops contained an equal mixture of protein solution (15 mg/ml PGI͞50 mM KCl͞10 mM imidazole, pH 7.5) and reservoir solution (12-14% PEG 8000͞250 mM magnesium acetate͞100 mM sodium cacodylate, pH 6.5) and were allowed to equilibrate with 1 ml of reservoir solution. The crystals grew as colorless hexagonal rods Ϸ0.3 ϫ 0.3 ϫ 1.0 mm in size.
Data Collection and Structure Refinement. Before data collection, the crystals were soaked for 5 min in 16% PEG 8000, 250 mM Mg acetate, 100 mM Na cacodylate (pH 6.5), 20% glycerol, and 5 mM 5PAH and then flash frozen at Ϫ180°C. A diffraction data set to 1.9 Å resolution was collected from a single crystal of the enzyme͞ inhibitor complex by using monochromatic x-rays at APS beamline 14C (BioCARS) at Argonne National Laboratories. The data set was processed with the programs DENZO and SCALEPACK (48) .
Refinement consisted of alternating rounds of computational refinement with CNS (49) and manual fitting of the model to electron density maps with the program O (50) . The initial model for refinement was a previously reported PGI structure (Protein Data Bank ID code 1DQR) from which all ordered water molecules and inhibitors were removed. Ten percent of the data set was set aside to compute R free (51) . Simulated annealing was used to remove model bias. Data between 12 and 1.9 Å were used in positional and individual B factor refinement. Ordered water molecules were added based on electron density maps with coefficients ͉F o Ϫ F c ͉, together with criteria based on geometry and refined B factors. The geometry of the final model was checked with the programs PROCHECK (52) and CNS.
Results and Discussion
The crystal structure of rabbit PGI with bound 5PAH has been solved at 1.9 Å resolution with an R factor of 22.0 and an R free of 25.4 ( Table 1 ). The shape of the protein in the PGI͞5PAH complex is similar to the previously reported structures of rabbit and human PGI. The protein is a homodimer with 557 residues per subunit. Our model includes amino acid residues 1-556. Because of the absence of clear electron density corresponding to side chains for Lys-555 and Ile-556, the residues were modeled as alanines in both subunits.
Interestingly, in subunit A of the PGI͞5PAH complex, difference electron density maps with coefficients of ͉Fo-Fc͉ indicate that the helix containing residues 513-521 occupies two positions with approximately equal probability. One position corresponds to the position of the helix in the PGI͞5PAA complex crystal structure (43) , and the other corresponds to the position of the helix in the PGI͞6-phospho-D-gluconate or PGI͞F6P complex crystal structures (42, 44) . Therefore, our model includes two copies of this helix in subunit A, and each was assigned 50% occupancy. In subunit B, the difference electron density maps indicate a single conformation of the helix, the one that corresponds to the position of the helix in the PGI͞5PAA complex crystal structure.
Other than the partial occupancy of one helix, the PGI͞5PAH dimer closely resembles the structure of the rabbit PGI͞5PAA complex. The rms deviation for the two dimers calculated for all alpha carbon atoms is 0.28 Å. For the PGI͞5PAH structure, a single conformation of the helix containing residues 513-521 was used in the calculation.
Active Site. In subunit B of the new structure, in contrast to a structure described (43) in which 5PAH was hydrolyzed to 5PAA, the electron density maps show a complete, nonhydrolyzed 5PAH molecule (Fig. 2) . This difference is probably because of the fact that previously, the 5PAH had been added to the crystallization mix weeks before data collection. The crystals for our new structure were grown without inhibitor, and the 5PAH was soaked into the crystals just before data collection.
In subunit A, the density for the 5PAH inhibitor is interrupted between the C1 and C2 positions and suggests that the 5PAH molecule bound in this subunit might also have two conformations, each partially occupied. For our analysis of the PGI͞5PAH complex active site, we will refer to subunit B, where the electron density of the inhibitor is clear and complete.
Comparison of 5PAH and 5PAA Bound to PGI. The conformations of the two inhibitors, 5PAA and 5PAH, bound to rabbit PGI are very similar. The rms deviation for all atoms of 5PAA superposed on the corresponding atoms of 5PAH is 0.036 Å. The main differences are in the region near O1, which is an atom not found in 5PAA. Instead, in the structure of the rabbit PGI͞5PAA complex, water819 was proposed to be bound in approximately the position expected for the O1 of the cis-enediol(ate) intermediate (43) . Indeed, in the PGI͞5PAH complex, the N-OH Rsym ϭ ͚͉Ii Ϫ ͗I͉͚͘͞ Ii. R factor ϭ ͚ʈFo Ϫ Fcʈ͚͞ Fo. Rfree is the equivalent of R factor but it is calculated for 10% randomly chosen set of reflections that were omitted from the refinement process. The numbers in parentheses refer to the last shell of data.
oxygen atom of the inhibitor is located in place of water819 and makes hydrogen bonds to Arg-272.
Superposition of all atoms of 24 key active site amino acid residues of subunit B (residues 156-159, 209-217, 270-272, 357-358, 511-514, and 517-518) and His-388 from subunit A of the PGI͞5PAH and PGI͞5PAA structures results in an rms deviation of 0.15 Å. In the superposed structures, the active site amino acids are found in the same conformations, and the phosphorus atoms and the oxygen atoms of the inhibitor phosphoryl groups lie on top of each other and form similar hydrogen bonds to active site amino acid residues and ordered water molecules. However, the position of the C1 end of the inhibitors differs, because of the presence of the 5PAH terminal oxygen instead of water819 (Fig. 3) . In the PGI͞5PAA structure, the distance between water819 and the carboxylate oxygen O2 of 5PAA is 2.6 Å, which is close to a minimum length for a hydrogen bond. However, the length of the corresponding N-O covalent bond in the PGI͞5PAH structure is 1.14 Å shorter. As a result, C1, C2, C3, and the corresponding hydroxyl groups of 5PAH are shifted away from Glu-357 and toward Arg-272 in comparison to how 5PAA is bound in the active site so that there is a 0.7 Å difference in the positions of the 5PAH nitrogen atom and the corresponding atom in 5PAA (O2).
The relative tilt of the two inhibitors results in differences in the lengths of the hydrogen bonds between some of the atoms of the inhibitors and active site amino acids that have been proposed to perform key steps in the catalytic mechanism (Table 2) . Glu-357 has been proposed to transfer the proton between C1 and C2 during the isomerization step, and Arg-272 has been proposed to stabilize the cis-enediol(ate) intermediate. Despite a small increase in the distance between the inhibitor and Glu-357, the PGI͞5PAH crystal structure is consistent with the mechanism of proton transfer we proposed (43) . For comparison, in the crystal structure of yeast TIM complexed with the analogous inhibitor phosphoglycolohydroxamic acid [PGH; PDB ID code 7TIM (46), discussed below], the glutamate that transfers the proton during the isomerization step is positioned at about the same distance from the ligand. The nitrogen atom of PGH, corresponding to the C1 of the intermediate, is 3.2 Å away from O1 of Glu-165, whereas the analogous distance in PGI͞5PAH is 3.3 Å. Atom C1 of PGH, corresponding to C2 of the intermediate, is 3.3 Å away from O2 of Glu-165, and the distance between the analogous atoms in the PGI͞5PAH structure is also 3.3 Å. The increased proximity of Arg-272 to the hydroxamic acid group in the PGI͞5PAH structure emphasizes the importance of this residue.
Comparison of PGI͞5PAH to Complexes of TIM and XYL with Analogous
Inhibitors. Derivatives of hydroxamic acids were successfully used in previous crystallographic and biochemical studies of other sugar isomerases. XYL, TIM, and PGI catalyze analogous reactions, even though biochemical and crystallographic studies of these three enzymes have shown that details of the isomerization reaction are different.
Hydroxamic acids were shown to be the most potent inhibitors of all three enzymes. For rabbit PGI, the K i (5PAH) is 0.2 M, whereas the K M (F6P) is 100 M (45). For yeast TIM, the K i (PGH) is 15 M and the K M is 1500 M (53). Chicken TIM has a K i (PGH) of 7.1 M and the K M is 470 or 970 M, depending on the direction of reaction (54) . K i (PGH) for trypanosomal TIM is about 8 M, whereas K M is 250 or 1200 M, depending on the direction of reaction (55) . XYL from Streptomyces olivochromogenes has a low affinity for its natural substrates: the K M equals 5 mM for D-xylose and 290 mM for D-glucose (56) . For D-threonohydroxamic acid (THA), the K i Յ 100 nM (47) .
TIM (EC 5.3.1.1) catalyzes the reversible interconversion of the three carbon sugars D-glyceraldehyde 3-phosphate and dihydroxyacetone phosphate. As in PGI, the mechanism of the isomerization reaction proceeds through formation of a cisenediol(ate) intermediate that differs only in the length of the sugar backbone. Also, there is no ring-opening step in the reaction catalyzed by TIM.
Crystal structures of TIM from chicken, yeast, and trypanosome, 1.8, 1.9, and 2.5 Å resolution, respectively, were solved in complex with PGH (46, 57, 58) . The active sites of the three structures are identical; therefore, below we refer to only the yeast enzyme (Fig.  4A) . From biochemical and crystallographic studies of TIM it was proposed that, like PGI, TIM uses a proton transfer mechanism for isomerization and a glutamate residue (Glu-165) to abstract a proton from the C1 position and transfer it to C2.
Although the majority of the amino acid residues comprising the active sites of PGI and TIM differ, the side chains of Glu-357 of PGI and Glu-165 of TIM are on the same side of the inhibitor molecule, pointing toward the planar hydroxamic acid group. In the PGI͞ 5PAH crystal structure, Glu-357 is slightly farther from the ligand and its carboxylate group is rotated 90 o with respect to Glu-165 of TIM͞PGH. However, proton transfer is likely to occur in the same way because in both structures the inhibitor is oriented so that the pro-R hydrogen on C1 of the substrate would be transferred to the syn sp2 orbital of the carboxylate. In TIM, His-95 was proposed to act as an electrophile to polarize the carbonyl group in the catalysis of the enolization reaction of the substrate dihydroxyacetone phosphate. In addition, His-95 was postulated to stabilize the cis-enediol(ate) intermediate(s) by mediating proton transfer between the oxygen atoms on C1 and C2 (59), through a possible imidazole͞imidazolate pair acting as an acid͞base catalyst (60) . Intramolecular proton transfer between O1 and O2 of the two enediolate intermediates has also been proposed as a possible alternative (61), however reported as less energetically favorable according to some other theoretical studies (62, 63) .
PGI also has one histidine residue (His-388) in the active site, but, unlike in TIM, it is too far from the hydroxamic acid moiety of 5PAH to play a role in proton transfer. Instead, based on analysis of a PGI͞F6P complex structure, His-388 was proposed to participate in the ring-opening step of the cyclic substrates (44) . In the PGI͞5PAH crystal structure, no active site residue is situated close to O1 of the inhibitor. However, it is likely stabilized by interactions with a network of water molecules: water241, water423, and water477 (Figs. 2B and 4C) . Hence, our structure suggests that, in the case of PGI, there is no need for a nearby residue for proton transfer to occur between the substrate oxygen atoms on C1 and C2. This observation leads us to propose two possible mechanisms: (i) intramolecular proton transfer between the O1 and O2 atoms of the enediolate intermediates (Fig. 4D, path A) , and (ii) acid͞base catalysis by a water molecule as a H 2 O͞OH Ϫ pair (which may occur in a concerted or nonconcerted manner), in analogy with the imidazole͞imidazolate pair of TIM (Fig. 4D, path B) .
The water molecule or molecules directly involved in the catalysis of the proton transfer between O1 and O2 are not clear. The best candidate is water241, which is ideally situated between O1 and O2 of 5PAH (3.1 and 3.2 Å, respectively). Protonation of enediolate 1 would yield the enediol intermediate and water241 in the form of a hydroxide anion (Fig. 4D) . Deprotonation of O1H would lead to enediolate 2. Superposition of the hydroxamic acid atoms of both PGI͞5PAH and TIM͞PGH structures places the oxygen atom of water241 at a position close to the nitrogen atom N of His-95 (Ϸ0.7 Å), which supports the hypothesis of a direct involvement of water241 in proton transfer. Another variation of path B would be to consider water423, the closest water molecule to O2 (2.6 Å). After protonation of enediolate 1 to give the enediol intermediate, the resulting hydroxide anion could be indirectly involved, through water205 (2.7 Å from water423), in the O1H deprotonation of the enediol by water241 (3.2 Å from water205, and 3.1 Å from O1) to give (Fig. 4D) . Finally, water477, which is 2.9 Å from O2, seems to stabilize the enediol(ate) intermediate. In addition to His-95, Lys-12 of TIM is proposed to stabilize the intermediate by interacting with O2. The importance of this lysine was confirmed by the inability of the enzyme to bind substrate if Lys-12 was substituted by methionine (53) . In PGI, Lys-518 is in the active site but it interacts with O4 and O5 of the ligand and, together with His-388, participates in the ring- to transfer intramolecularly a hydrogen atom between the C1 and C2 positions by a hydride-shift mechanism through a transition state in which O1, C1, C2, O2, and the transferring hydride are coplanar.
The structure of a XYL͞THA complex was solved at 1.6 Å resolution ( Fig. 4B ) (47) . Despite the presence of five aspartate and three glutamate residues in the active site, none of them participates in catalysis directly. Instead, these amino acids provide an extensive web of hydrogen-bonding interactions for binding the metal ions. Still, XYL and PGI share one feature: a positively charged residue compensates for the possible negative charge of the C1 end of the inhibitor or transition state. In XYL, Lys-182 makes a hydrogen bond to O1 of the ligand. Another interesting similarity between XYL and PGI is that both enzymes have been proposed to use a histidine residue to catalyze ring-opening of the bound cyclic substrates (64) and thereafter this histidine interacts with the hydroxyl on C5 of the linear substrate. However, it should be noted that later studies of XYL challenged the involvement of a histidine in the ring-opening step (65, 66) . It was also reported that the XYL active site base that transfers the proton between O1 and O2 is assumed to be a hydroxide ion ligated to one of the metal ions (64, 67) . This situation is analogous to what we propose to occur in PGI, for which lowering of the pKa of water423 would not be achieved by a metal ion, but by the surrounding network of water molecules. PGI, TIM, and XYL share some common mechanistic features: PGI and XYL may both use a histidine for catalysis of the ring-opening of their respective substrates, and TIM and PGI catalyze the enolization step with a glutamate. However, it is still remarkable to observe three globally different mechanisms displayed by three enzymes of the same class for the catalysis of similar and apparently simple transformations. These differences could be related to the nature of the substrate itself, i.e., acyclic or cyclic and phosphorylated or nonphosphorylated. However, the origin of the differences may be more complicated than that. For instance, phosphomannose isomerase is thought to work somewhat like PGI but has a catalytic zinc ion in its active site (68) , and L-fucose isomerase, which also needs a metal cofactor (Mn 2ϩ ) for the isomerization of its nonphosphorylated substrates, is thought to belong to the enediol-type aldose ketose isomerases (69) . Further studies will have to be carried out before forming conclusions about the existence of different mechanistic subclasses of aldose ketose isomerases.
The structures and mechanisms of PGI, TIM, and XYL illustrate that similarities or differences in overall protein fold do not necessarily correspond to similarities or differences, respectively, in active site architecture or catalytic mechanism even if the substrates are very similar. TIM and XYL have the same structural fold, an ␣͞␤ barrel, but substantially different mechanisms, whereas TIM and PGI have different structural folds but are closer in terms of catalytic mechanism. The similarities between the mechanisms for TIM and PGI bring to mind the convergent evolution of the catalytic triad used by proteases for peptide bond hydrolysis. The two different methods of stabilizing the enediol(ate) intermediate in the sugar isomerases, however, show that the two folds do not necessarily need to provide all of the same functional groups to catalyze the same reaction.
Conclusions
As was seen in previous crystallographic studies of TIM and XYL with PGH and THA, respectively, the new crystal structure of the PGI͞5PAH complex shows that 5PAH, the most potent PGI inhibitor reported to date, is a good structural mimic of the cis-enediol(ate) catalytic intermediate for PGI. The new crystal structure provides better information about how the reaction intermediate is likely to bind in the active site than was seen with crystal structures of PGI͞5PAA complexes (41, 43) and provides an insight into the mechanism of proton transfer between the O1 and O2 atoms of the intermediate. The most significant differences are in the positioning of the C1 and C2 region of the inhibitors, the region that corresponds to the double bond in the proposed cis-enediol(ate) catalytic intermediate. Therefore, the new lengths of the hydrogen bonds determined from the PGI͞5PAH structure are likely to reflect, to date, the most accurate hydrogen bond pattern between PGI and the reaction intermediate. 
